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The E-field management layer, which reduces the electric-
field gradients arising in the first and second active layers, is
disposed over the second active layer. The injection elec-
trode is electrically connected to the E-field management
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1
ELECTRIC FIELD MANAGEMENT FOR A
GROUP III-NITRIDE SEMICONDUCTOR
DEVICE

FIELD

The invention relates generally to semiconductor devices
and more particularly to an electric-field management layer
for reducing the high electric field concentrations that arises
in high voltage semiconductor devices.

BACKGROUND

Group III-Nitride semiconductors have attracted great
interest for their application in power electronics. Due to the
high critical electric field (e.g., 3 MV/cm), high density (e.g.,
10%/cm?) and the high mobility (e.g., >1200 cm®/V's)
two-dimensional-electron-gas (2DEG) arising in group III-
nitride heterostructures, group Ill-nitride-based transistors
have the potential to greatly reduce power loss and minimize
system size relative to Si-based power electronic devices
such as power switches.

A power switch has an on state that allows the device to
conduct current, and an off state that prevents the device
from conducting current. When in the on state, a power
switch may conduct tens or hundreds of amperes while the
voltage across the switch is less than one volt. When in the
off state, the power switch typically must withstand hun-
dreds or thousands of volts while conducting substantially
zero current. The voltage that the device can withstand in the
off state while conducting no more than a given small value
of current is sometimes referred to as the breakdown volt-
age.

Electric field management is important in high voltage
power switches. Currently, field-plate structures are widely
used in III-Nitride power devices such as transistors and
diodes to reduce the electric field concentration at the edge
of the depletion region (e.g. the edge of the gate electrode in
transistors or the anode in diodes) of the devices in their
off-state and increase their breakdown voltages. However,
the fabrication of conventional field-plate structures can
become increasingly difficult as a larger number of field-
plates may be required to reduce the electric field concen-
tration when the device breakdown voltage increases. The
additional field-plates also increase the overall capacitance
of the device, reducing its switching frequency.

SUMMARY

In accordance with one aspect of the present invention, a
semiconductor device is provided which includes a sub-
strate, a first active layer, a second active layer, at least first
and second electrodes, an E-field management layer, and at
least one injection electrode. The first active layer is dis-
posed over the substrate. The second active layer is disposed
on the first active layer such that a laterally extending
conductive channel arises which extends in a lateral direc-
tion. The laterally extending conductive channel is located
between the first active layer and the second active layer.
The first and second electrodes are electrically connected to
the first active layer. The E-field management layer, which
reduces the electric-field gradients arising in the first and
second active layers, is disposed over the second active
layer. The injection electrode is electrically connected to the
E-field management layer.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a cross-sectional view of one embodiment
of a semiconductor device constructed in accordance with
the teachings presented herein.

FIGS. 2-7 show cross-sectional views of alternative
embodiments of the semiconductor device of FIG. 1.

DESCRIPTION OF THE INVENTION

In the following description, numerous specific details are
set forth in order to provide a thorough understanding of
exemplary embodiments or other examples described
herein. However, it will be understood that these embodi-
ments and examples may be practiced without the specific
details. In other instances, well-known methods and proce-
dures have not been described in detail, so as not to obscure
the following description. Further, the embodiments dis-
closed are for exemplary purposes only and other embodi-
ments may be employed in lieu of, or in combination with,
the embodiments disclosed.

Reference throughout this specification to “one embodi-
ment”, “an embodiment”, “one example” or “an example”
means that a particular feature, structure or characteristic
described in connection with the embodiment or example is
included in at least one embodiment of the present invention.
Thus, appearances of the phrases “in one embodiment”, “in
an embodiment”, “one example” or “an example” in various
places throughout this specification are not necessarily all
referring to the same embodiment or example. Furthermore,
the particular features, structures or characteristics may be
combined in any suitable combinations and/or subcombina-
tions in one or more embodiments or examples. In addition,
it is appreciated that the figures provided herewith are for
explanation purposes to persons ordinarily skilled in the art
and that the drawings are not necessarily drawn to scale.

FIG. 1 shows a cross-sectional view of one embodiment
of a semiconductor device 100 constructed in accordance
with the teachings presented herein. The semiconductor
device 100 in this illustrative embodiment is depicted as a
transistor that is operational in an enhancement mode or a
depletion-mode. For instance, in some embodiments the
transistor may be high voltage power switching device.
However, the teachings presented herein are equally appli-
cable to other semiconductor devices and is not limited to
the particular devices described below.

The various layers of the semiconductor device 100 may
be disposed over a substrate 110 that may be formed from
various materials such as silicon (Si), silicon carbide (SiC),
sapphire, zinc-oxide (ZnO) or any of a variety of semicon-
ductor materials. A first active layer 130 and a second active
layer 140 are formed over the substrate 110 in the example
of FIG. 1. Various techniques of fabrication may call for
layers of other materials to be disposed between the sub-
strate 110 and the first active layer 130 to facilitate the
construction of the device. For example, a buffer layer 120
such as a GaN layer may be disposed between the substrate
110 and the first active layer 130.

The first active layer 130 in the example of FIG. 1 is
comprised of semiconductor materials containing nitride
compounds of elements from Group I1I of the Periodic Table
of the Elements. For example, the first active layer 130 may
comprise gallium nitride (GaN). As another example, the
first active layer 130 may comprise In Al Ga,N (O=x<I,
O=<y=l, O=z=l, x+y+z=1).

Similar to the first active layer 130, the second active
layer 140 in the example of FIG. 1 may be comprised of
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semiconductor materials containing nitride compounds of
elements from Group III of the Periodic Table of the
Elements. For example, the second active layer 140 may
comprise aluminum gallium nitride (Al,Ga N, for O=x<I,
O=<y=l, x+y=1). In other examples, different Group III
nitride semiconductor materials such aluminum indium
nitride (AllnN) and aluminum indium gallium nitride (Alln-
GaN) may comprise the second active layer 140. As another
example, the second active layer 140 may be a non-stoi-
chiometric compound of a Group III nitride semiconductor
material such as In Al Ga N (O=xsl, Osysl, Osz<l, x+y+
7z=1). In some embodiments the second active layer may
comprise a series of sublayers of different Group III nitride
materials.

The second active layer 140, which generally has a higher
bandgap than the first active layer 130, gives rise to a layer
of electric charge in the first active layer 130 near the second
active layer 140. The first active layer 130 is sometimes
called the channel layer. The second active layer 140 is
sometimes called the barrier layer or the donor layer. The
layer of electric charge is sometimes called a two-dimen-
sional electron gas (2DEG) because electrons, trapped in the
quantum well that results from the difference in the band-
gaps, are free to move in two dimensions but are tightly
confined in the third dimension.

An electric (E)-field management layer 150 is disposed
over or on the second active layer 140. The E-field man-
agement layer 150 reduces the electric-field gradients that
arise in the first and second active layers. The E-field
management layer 150 may be comprised of semiconductor
materials. For example, the E-field management layer 150
may comprise a nitride semiconductor compound such as
Al Ga,N. Alternatively, the E-field management layer 150
may be formed from other materials such as a conductive
oxide (e.g., ZnO and Ga,0;), for instance.

The E-field management layer 150 can be either intrinsic
or doped with impurities such as carbon (C), iron (Fe),
magnesium (Mg), or zinc (Zn) or contain defects such as
point defects to increase its resistivity. In one embodiment
the E-field management layer 150 has a resistivity greater
than 1 k@xcm. In some embodiments the concentration of
impurities in the E-field management layer 150 may range
from 10'°-10*°/cm?®. In other embodiments the concentra-
tion of defects in the E-field management layer 150 may
range from 10'°-10'°/cm>. If impurities are present, they
may be incorporated into the E-field management layer 150
using any suitable technique such as ion-implantation and
diffusion or by incorporating them during epitaxial growth
of the E-field management layer 150.

In the example of FIG. 1 a conductive source electrode
142 and a conductive drain electrode 146 are in ohmic
contact with the first active layer 130. A conductive gate
electrode 144 is located between the source electrode 142
and the drain electrode 146. The gate electrode 144 may be
formed in a gate recess 145 that is etched through the E-field
management layer 150 until it reaches or extends into the
second active layer 140. The gate recess 145 is lined with a
dielectric material so that a gate dielectric layer 160 is
interposed between the gate electrode 144 and the second
active layer 140. In some embodiments the gate dielectric
layer 160 may be fabricated over all or part of the E-field
management layer 150 after the gate recess 145 is etched.
The gate dielectric 160 may be formed, for example, from
AlO;, 81,0, Si,N,, Si,O N,, Polytetrafluoroethylene (Tef-
lon™), HfO,, AIN or any other insulator or a combination
of insulators that are suitable for use as a gate dielectric.
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In some embodiments a thin layer portion of the E-field
management layer 150 may extend underneath the gate
dielectric 160.

In some embodiments the gate dielectric layer 160 is not
present and a Schottky contact is formed between the gate
electrode 144 and the second active layer 140.

In yet other embodiments, the second active layer 140
below the gate electrode 144 can be partially or completely
removed.

As used in this disclosure, an electrical connection
between two conductive patterns (e.g., metal or poly-silicon
electrodes) is a connection in which the two patterns cannot
have independent electrical potentials. Thus, in a non-
transient, DC state, the two electrically connected patterns
will have the same electrical potential. For example, two
metal patterns that are connected to each other through only
a metal are electrically connected. Anohmic contact defines
an electrical property between two materials in contact with
each other, in which the relationship between the voltage and
the current is linear and symmetric for both directions of the
current flowing between the contacting material.

As further used in this disclosure, another type of contact
that defines an electrical connection is a Schottky contact,
which is formed at the junction between certain metal and
semiconductor materials.

In addition to being in ohmic contact with the first active
layer 130, the conductive drain electrode 146 also estab-
lishes an ohmic or Schottky contact with the E-field man-
agement layer 150. In some embodiments, however, the
drain electrode 146 does not establish a contact with the
E-field management layer 150. The isolation between the
drain electrode 146 and the E-field management layer 150
may be accomplished in any suitable manner. For example,
a trench or recess filled with a dielectric material may be
etched through the E-field management layer 150 adjacent to
the drain electrode 146. Alternatively, the length of the
E-field management layer 150 in the lateral direction can be
reduced, in some cases so that it is as short in length as the
injection electrode 180.

A second dielectric layer 170 is formed over the E-field
management layer 150 and the gate electrode 144. If, as in
FIG. 1, the gate dielectric layer 160 is present, the second
dielectric layer 170 may be formed on the first gate dielectric
layer 160. Similar to the gate dielectric layer 160, the second
dielectric layer 170 can be formed, for example, from Al,O;,
S1,0,, SiN,, SO N_, Polytetrafluoroethylene (Teflon™),
HfO,, AIN or any other insulator or a combination of
insulators that are suitable for use as a passivation layer.

With continuing reference to FIG. 1, an injection elec-
trode 180 is disposed between the gate electrode 144 and the
drain electrode 146. A region under the injection electrode
180 is recessed by etching through the second dielectric
layer 170 and, if present, the gate dielectric layer 160 so that
the injection electrode 180 is electrically connected to the
E-field management layer 150. In some embodiments the
injection electrode 180 may extend into the E-field manage-
ment layer 150.

The electrical connection between the injection electrode
180 and the E-field management layer 150 can be either
Schottky or ohmic. The injection electrode 180 may be
formed from any suitable material for establishing the
desired type of electrical contact. For example, if the contact
is a Schottky contact, suitable materials include by way of
illustration, nickel (Ni), platinum (Pt), titanium (T1), molyb-
denum (Mo), tungsten (W), aluminum (Al), gold (Au),
silicide, doped polysilicon and combinations thereof.
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The injection electrode 180 may extend laterally over the
second dielectric layer 170 towards the drain electrode, as
shown in FIG. 1. Furthermore, in the example of FIG. 1, the
injection electrode 180 does not establish an electrical
connection with either the source electrode 142 or the gate
electrode 144. That is, in this embodiment the injection
electrode 180 has an electrical potential different from that
of the source electrode 142 and the gate electrode 144.
Alternatively, as shown in FIG. 2, the injection electrode 180
may be electrically connected to the source 142 but not the
gate electrode 144. In yet another embodiment, shown in
FIG. 3, the injection electrode 180 may be electrically
connected to the gate electrode 144 but not the source
electrode 142. In FIGS. 1, 2 and 3, as well as the figures that
follow, like elements are denoted by like reference numerals.

While the embodiments of the semiconductor device
shown in the figures include only a single injection electrode
180, in alternative embodiments two or more injection
electrodes 180 may be provided over the second dielectric
layer 170. In these embodiments different injection elec-
trodes may extend to the same or different depths within the
E-field management layer 150. Moreover, in other embodi-
ments, multiple injection electrodes may define multiple
point contacts on or in the E-field management layer, some
or all of which may or may not be electrically connected to
one another. The point contacts may extend over the E-field
management layer 150 in one or more rows or they may
extend in a plane over the E-field management layer 150. In
one embodiment, if two injection electrodes are employed,
one of the injection electrodes may be electrically connected
to the source or gate electrode and the other injection
electrode may be at a floating electrical potential.

The impurity doping density in the E-field management
layer 150 can be uniform throughout or it or can vary in the
lateral direction between the gate electrode 144 and the drain
electrode 170. Alternatively, or in addition thereto, the
impurity doping density may vary in the vertical direction
between the E-field management layer 150 and the substrate
110. As previously mentioned, the impurity doping can be
formed during epitaxial growth of the E-field management
layer 150, by ion implantation, diffusion of impurities, or
any other suitable method. Two examples of the impurity
density distribution in the E-field management layer are
shown in FIGS. 4 and 5. In FIG. 4 the impurity density is
highest near the injection electrode 180 and decreases in the
lateral direction toward the drain electrode 150. In FIG. 5 the
impurity density is uniform in the lateral direction toward
the drain electrode 150. However, variations in the impurity
concentration other than those shown in FIGS. 4 and 5 can
be realized as well.

Without being bound by any theory of operation, the
following discussion concerning the presence and influence
of carriers, impurities, defects, trap energy levels and the
like is presented to facilitate an understanding of the various
aspects of the present invention.

When the device is operated under high drain bias con-
ditions, carriers (e.g. electrons) can be injected from the
injection electrode into the E-field management layer. As a
result, the E-field management layer will be e.g., negatively
charged, breaking the charge neutrality in this layer. The
impurities or defects in the E-field management layer create
trap energy levels in the band gap of the E-field management
layer. They can be engineered to have a desirable electron
trapping time constant in order to control the leakage current
and the potential distribution between the injection electrode
and the drain electrode. Because of the carriers (e.g. elec-
trons) injected in the E-field management layer, the nega-
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tively charged electrons in the E-field management layer
(assuming the injected carriers are electrons) will automati-
cally compensate the exposed positive charge of the deple-
tion region of the channel, making the electric field more
uniform between the gate electrode and the drain electrode
in the off-state of the transistor.

In one embodiment, shown in FIG. 6, an etch stop layer
190 (i.e. AIN layer) is placed over the second active layer
140 and a carrier doping layer 195 (i.e. n-type GaN layer) is
placed on top of the etch stop layer 190 to provide electrons
in the channel layer; the E-field management layer 150 is
placed on top of the carrier doping layer 195. In this
embodiment the gate electrode 144 is formed by etching a
gate recess 145 that extends through both the E-field man-
agement layer 150 and the carrier doping layer 195. The gate
dielectric layer 160 may be formed on the etch stop layer
190 by lining the recess 145. In some embodiments the gate
recess 145 can be further etched so that it extends through
the etch stop layer 190 and into the second active layer 140.
The injection electrode 180 in the embodiment shown in
FIG. 6 is connected to the source electrode 142. However, as
previously discussed, the injection electrode can be electri-
cally connected to the gate electrode 144 and not the source
electrode 142. In yet another embodiment, the injection
electrode 180 may be electrically connected to neither gate
electrode 144 nor the source electrode 142 so that it is at a
different electric potential from both the gate and source
electrodes 144 and 142.

While the teachings of the present invention have been
described above in the context of a transistor, these teachings
may be used with other semiconductor devices as well. For
example, FIG. 7 shows a diode 200 that employs an E-field
management layer 150. The injection electrode 180 may be
located in the lateral direction between the anode 242 and
cathode 246. In some embodiments the injection electrode
180 can be electrically connected to the anode 242 or it may
have an electrical potential different from that of the anode
242.

The semiconductor devices described herein may be
fabricated using an epitaxial growth process. For instance, a
reactive sputtering process may be used where the metallic
constituents of the semiconductor, such as gallium, alumi-
num and/or indium, are dislodged from a metallic target
disposed in close proximity to the substrate while both the
target and the substrate are in a gaseous atmosphere that
includes nitrogen and one or more dopants. Alternatively,
metal organic chemical vapor deposition (MOCVD) may be
employed, wherein the substrate is exposed to an atmo-
sphere containing organic compounds of the metals as well
as to a reactive nitrogen-containing gas, such as ammonia,
and a dopant-containing gas while the substrate is main-
tained at an elevated temperature, typically around 700-1100
C. The gaseous compounds decompose and form a doped
semiconductor in the form of a film of crystalline material on
the surface of the substrate. The substrate and the grown film
are then cooled. As a further alternative, other epitaxial
growth methods, such as molecular beam epitaxy (MBE) or
atomic layer epitaxy may be used. Yet additional techniques
that may be employed include, without limitation, Flow
Modulation Organometallic Vapor Phase Epitaxy (FM-OM-
VPE), Organometallic Vapor-Phase Epitaxy (OMVPE),
Hydride Vapor-Phase Epitaxy (HVPE), and Physical Vapor
Deposition (PVD). Standard metallization techniques, as
known in the art of semiconductor fabrication, can be used
to form the electrodes.

The above description of illustrated examples of the
present invention is not intended to be exhaustive or limited
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to the precise forms disclosed. While specific embodiments
of, and examples for, the invention are described herein for
illustrative purposes, various equivalent modifications are
possible without departing from the broader spirit and scope
of the present invention.

These modifications can be made to examples of the
invention in light of the above detailed description. The
terms used in the following claims should not be construed
to limit the invention to the specific embodiments disclosed
in the specification and the claims. Rather, the scope is to be
determined entirely by the following claims, which are to be
construed in accordance with established doctrines of claim
interpretation. The present specification and figures are
accordingly to be regarded as illustrative rather than restric-
tive.

The invention claimed is:

1. A semiconductor device, comprising:

a substrate;

a first active layer disposed over the substrate;

a second active layer disposed on the first active layer
such that a laterally extending conductive channel
arises which extends in a lateral direction, the laterally
extending conductive channel being located between
the first active layer and the second active layer;

first and second electrodes electrically connected to the
first active layer;

an E-field management layer for reducing electric-field
gradients arising in the first and second active layers,
the E-field management layer being disposed over the
second active layer, the E-field management layer
having a resistivity greater than 1 kQxcm;

an injection electrode electrically connected to the E-field
management layer;

wherein the first and second electrodes are source and
drain electrodes, respectively, and further comprising a
gate electrode disposed completely in a recess extend-
ing into the E-field management layer above an upper
surface of the second active layer between the source
electrode and the drain electrode,

wherein the injection electrode is disposed between the
gate electrode and the drain electrode extending later-
ally towards the drain electrode without any electrical
connection with either the source electrode, the drain
electrode or the gate electrode.

2. The semiconductor device according to claim 1,
wherein the first active layer comprises a group III nitride
semiconductor material.

3. The semiconductor device according to claim 2,
wherein the first active layer comprises In Al Ga N (0=xx<1,
O=<y=l, O=z=l, x+y+z=1).

4. The semiconductor device according to claim 2,
wherein the second active layer comprises a group III nitride
semiconductor material, the second active layer having a
wider band gap than the first active layer.

5. The semiconductor device according to claim 4,
wherein the second active layer comprises In Al Ga N
(0O=x<l, O=<y=l, O=z=1, x+y+z=1).

6. The semiconductor device according to claim 1,
wherein the E-field management layer comprises In Al -
GaN (0=x=<l, O=y=l, 0=z=l, x+y+z=1).

7. The semiconductor device according to claim 1,
wherein the E-field management layer has a thickness about
equal to or greater than 2 nm.

8. The semiconductor device according to claim 1,
wherein the E-field management layer comprises an intrinsic
material or a material that includes therein impurities and/or
defects that give rise to the resistivity.

10

15

20

25

30

35

40

45

50

55

60

65

8

9. The semiconductor device according to claim 1
wherein the E-field management layer includes impurities
that are selected from the group consisting of Carbon, Iron,
Magnesium and Zinc.

10. The semiconductor device according to claim 1,
wherein the E-field management layer includes impurities
that have trap levels within a band gap of the E-field
management layer or has defects.

11. The semiconductor device according to claim 1,
wherein the injection electrode and the E-field management
layer establish a Schottky or ohmic contact therebetween.

12. The semiconductor device according to claim 1,
wherein the drain electrode and the E-field management
layer establish a Schottky or ohmic contact therebetween.

13. The semiconductor device according to claim 1,
further comprising an insulator layer disposed over at least
a portion of the E-field management layer, wherein at least
a portion of the injection electrode is disposed over the
insulator layer.

14. The semiconductor device according to claim 13,
wherein the insulator layer comprises at least one dielectric
selected from the group consisting of Al,O5, 81,0, Si N,
Si,O,N,, Polytetrafluoroethylene, HfO,, AIN or a combina-
tion thereof.

15. The semiconductor device according to claim 13,
wherein the insulator layer has a dielectric constant below
200.

16. The semiconductor device according to claim 1,
further comprising a gate dielectric layer over which the gate
electrode is disposed.

17. The semiconductor device according to claim 16,
wherein the gate dielectric layer comprises at least one
dielectric selected from the group consisting of Al,Oj,
81,0, Si,N,, 81, O N_, Polytetrafluoroethylene, HfO,, AIN
or a combination thereof.

18. The semiconductor device according to claim 16,
wherein the gate dielectric layer has a dielectric constant
below 200.

19. The semiconductor device according to claim 1,
wherein the E-field management layer comprises a semi-
conductor material.

20. The semiconductor device according to claim 1,
wherein the E-field management layer comprises a conduc-
tive oxide material.

21. A semiconductor device, comprising:

a substrate;

a first active layer disposed over the substrate;

a second active layer disposed on the first active layer
such that a laterally extending conductive channel
arises which extends in a lateral direction, the laterally
extending conductive channel being located between
the first active layer and the second active layer;

first and second electrodes electrically connected to the
first active layer;

an E-field management layer for reducing electric-field
gradients arising in the first and second active layers,
the E-field management layer being disposed over the
second active layer, wherein the E-field management
layer includes impurities selected from the group con-
sisting of Carbon, Iron, Magnesium and Zinc;

an injection electrode electrically connected to the E-field
management layer;

wherein the first and second electrodes are source and
drain electrodes, respectively, and further comprising a
gate electrode disposed completely in a recess extend-
ing into the E-field management layer above an upper
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surface of the second active layer between the source
electrode and the drain electrode,
wherein the injection electrode is disposed between the
gate electrode and the drain electrode extending later-
ally towards the drain electrode without any electrical
connection with either the source electrode, the drain
electrode or the gate electrode.
22. The semiconductor device according to claim 1
wherein the gate electrode is disposed adjacent to the E-field
management layer.
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